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Automatic Detection of Non-visible T Wave
Alternans from Three-Channel Holter
Recordings
ControlsTWA Indices
Wojciech Zareba, Fabio Badilini, Arthur J. Moss. University of Rochester. Rochester.
NY, USA
T wave altemans (TWA) consisting of beat-to-beat fluctuations in T wave
shape, phase. and amplitude is a marker of electrical instability and regional
heterogeneity of repolarization, and identifies patients prone to develop ma-
lignant ventricular arrhythmias. Patients (pts) with prolonged ventricular re-
polarization, particularly those with long OTsyndrome (LOTS), are more likely
than other pts to exhibit visible (large enough to detect) TWA.
However, visible forms of TWA are infrequently recorded even in LOTS pts,
and question may be raised whether non-visible forms of T wave alternans
exist in LOTS pts without evidence for visible TWA. To answer this question a
dedicated computer algorithm was developed. Eleven LOTS pts (OTc = 0.54
± 0.07 sec'l,; without visible TWA) and 11 age- matched controls (OTc = 0.38
± 0.02 sec '121 were evaluated using high resolution (1000 Hz) three-channel
Holter ECG recordings IX, Y, Z leads). Eight-minute beat-to-beat T wave area
time-series were computed, and time-domain autocorrelation (AC-TWA) and
frequency-domain power spectral density (PSO-TWA) dimensionless indices
of TWA were developed. Comparisons between LOTS pts and controls are
as follows:
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Electrical Alternans During Rest and Exercise as
Predictors of Vulnerability to Ventricular
Arrhythmias
N.A. Mark Estes. Douglas P. Zipes. Nabil EI-Sherif. Ferdinand J. Venditti. David
S. Rosenbaum, Paul Albrecht Paul J. Wang, Philip C. Krause, Richard J. Cohen.
Tufts University, New England Medical Center. Boston MA; Massachusetts Institute of
Technology. Cambridge, MA
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Electrical alternans (ALT) representing visually inapparent beat-to-beat alter-
nating amplitude on the electrocardiogram, has been reported topredict vul-
nerabilityto ventricular arrhythmias during atrial (A) pacing. We hypothesized
that ALT recorded during sinus rhythm and with the heart rate elevated by
exercise (Ex) would be similarly predictive. In the pilot phase of a multicen-
ter study, ALT recordings were made at rest. during a bicycle protocol to
maintain the heart rate 100-110 bpm, and analyzed using a spectral method
incorporating noise reduction software. Ventricular vulnerability was defined
by prior episodes of clinical VT or VF or by VT or VF induction at EPS. Results:
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A logistic regression revealed significant (p = 0.008) association between
non-visible T wave alternans and OT interval. with odds ratio 1.24 (95% CI
1.06--1.45) per 0.01 unit increase in OTc.
Conclusions: 1) Non-visible T wave alternans can be identified automati-
cally in high-resolution Holter recordings applying time- or frequency-domain
analysis of T-wave area time series. 2) In LOTS pts without visible TWA. the
occurrence of non-visible TWA is directly related to OTc duration.
* >2 S.d. above controls. #Wilcoxon rank-sum test
Sensitivity Specificity +PV -PV RR P
Rest 50% 91% 80% 71% 2.B 0.14
Ex 80% 91% 89% 84% 5.3 0005
Rest/Ex 100% 91% 91% 100% >10 <0.005
+PV: positive predictive value; -PV: negative predictive value; RR: relative risk; p: sig-
nificance level
Conclusions: ALT can be measured during exercise and is an accurate pre-
dictor of vulnerability to ventricular arrhythmias. ALT measured during sinus
rhythm at rest is not as accurate a predictor. Combining rest and Ex ALT
results is more predictive of arrhythmia vulnerability than rest or Ex results
alone.
AC-TWA
PSD-TWA
0.04 ± O.OB
060 ± 0.44
0.37 ± 0.37
1.94 ± 1.55
(6)
(7)
<0.01
<0.01
David S. Rosenbaum, Xiaohua Fang. Judith A. Mackall. Case Western Reserve
University, Cleveland. OH
We have shown previously that subtle and visually inapparent T wave alter-
nans (TWA) is a marker of susceptibility to sudden cardiac death (SCO). Since
the characteristics of TWA in patients with SCD are poorly understood. the
optimal technique for detecting TWA remains controversial. To resolve this
problem, high-fidelity orthogonal ECGs were recorded during atrial pacing
(100 bpml from 35 patients undergoing EP testing. TWA measured by fast
Fourier transform (FFT) and complex demodulation (CD) techniques were
compared in two groups of patients; 1. High Risk Group (n = 15); Inducible
sustained monomorphic VT at EP testing or SCD during 20 month follow up,
and 2. Low Risk Group (n = 20); Negative EP test and no SCD during 20
month follow up. With FFT. beat-to-beat T wave amplitude oscillations oc-
curring at the alternans frequency are measured relative to spectral noise.
With CD, beat-to-beat T wave amplitude oscillations were modeled as a si-
nusoid whose amplitude is assumed to be a measure of TWA without regard
to noise levels. The magnitude of TWA measured by FFT and CD correlated
well (r2 = 0.97) when TWA levels were relatively high (>5 /LV). However, the
detection of very low level (1 /LV - 5 /LV). but prognostically important TWA
differed considerably between the two techniques. Using a cutoff TWA level
of 2 /LV to define TWA positivity, FFT predicted high risk for SCD with a sen-
sitivity of 70% and specificity of 80%, whereas CD had a sensitivity of 90%
and specificity of only 5%. Computer simulations performed with an ideal-
ized alternans wave form demonstrated that the poor specificity of CD was
due to an inability of CD to selectively discriminate TWA from noise. When
the phase of TWA was reset on random beats (to simulate ectopic beatsl.
TWA was measured more accurately by CD than FFT However, phase re-
setting was found in only 2.7% of ECG complexes analyzed from patients
and its presence did not substantially obscure the detection of TWA by FFT
compared to CD.
Conclusions: Very low level TWA is a prognostically significant marker for
SCD and is more accurately measured using the FFT technique. The en-
hanced specificity of FFT compared to CD results from the capability of FFT
to discriminate low level TWA from noise.
ECG Variable OR 95%CI p Value
Twave humps (yes vs no) 31 (1.5; 66) 0.003
OTc (>0.44--0.46 vs ;0:0.44) 5.6 (32; 99) <0001
Bradycardia (age-adjusted) 3.6 (1B; 73) <0.001
Conclusions -In LOTS family members with borderline OTc:
(1) T wave humps are more likely to occur in individuals at young age, with
longer OTc and at higher heart rates.
(2) The diagnosis of LOTS is enhanced by identification of T wave humps
for the entry ECG.
Usefulness of T wave "Humps" in the Diagnosis
of Long QT Syndrome
Michael H. Lehmann, Wojciech Zareba, Jennifer Robinson, Arthur J. Moss, LOTS
Registry Investigators. Sinai Hospital, Detroit, MI; University of Rochester. NY
Family members of long OT syndrome (LOTS) prebands, who present with
OTe ::0:0.47 sec'/" are diagnosed as LOTS affected. It remains unclear, how-
ever, how to evaluate family members with borderline OTc value (0.42-D.46
see'I,). Recent ECG and genetic linkage correlation studies suggest that T
wave "humps" (defined as bulges or protuberances just beyond the apex
on the downslope of the T wave) in left precordial or limb leads may repre-
sent an ECG marker of the LOTS genotype. Therefore, the aim of this study
was to investigate the clinical significance of T wave humps (in at least 1
limb or 2 left precordial leads) in 427 family members with borderline OTc
in their rust ECG. The occurrence of cardiac events (syncope, cardiac arrest)
or OTc ,,:0.47 sec'l" during a mean 46 ± 28 mo. follow-up was used as a
basis to diagnose family member as LOTS-affected. The presence of T wave
humps, recorded in 45 (11 %) family members, was significantly associated
with younger age (for ~15 vs > 15 years old, odds ratio [OR] = 6.0; P <
0.001), longer OTc (0.45-0.46 vs 0.42-0.44, OR = 3.8; P < 0.001) and higher
heart rate (>80 vs ~80 bpm, OR = 2.8; P < 0.02). The diagnosis of LOTS
was attained in 36% of family members with and in 14% without T wave
humps (p < 0.001). Multivariate logistic regression revealed an independent
contribution of T wave humps to the LOTS diagnosis;
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University of Utah School of Medicine, Salt LBke City, UT
Twave abnormalities are common in long OT syndrome (LOTS) patients and
recently. more attention has been directed to this topic. The evolution of T
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How to Detect ECG T-Wave Alternans In Patients
at Risk for Sudden Cardiac Death
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